Heat treatment of D. melanogaster tissue culture cells causes drastic changes in the pattern of protein synthesis and the size distribution of polysomes. Like the heat shock puffs on polytene chromosomes which appear while preexisting puffs regress, heat shock proteins appear on gels while the synthesis of preexisting proteins is sharply reduced, and heat-induced polysomes appear on gradients after preexisting polysomes have disappeared. Most of the poly(adenylic acid)-containing RNA isolated from high-temperature polysomes sediments in sucrose gradients and migrates in gels as a rather narrow band. This RNA is of sufficient size to code for one particular protein that is found to account for more than half of the total synthesis at high temperature. The RNA hybridizes in situ mainly at chromosome sub-division 87B, the site of the major heat shock puff. added to each tube and incubation was continued at the specified temperature for an additional 50 min. The tubes were placed on ice and 3 ml of ice-cold Drosophila Ringer's solution was added (5). After centrifugation the supernatant was removed and the cells were resuspended in 2 drops of cold Ringer's, followed by 2.5 ml of cold 10% trichloroacetic acid. After 20 min on ice, the precipitate was collected by centrifugation and extracted for 20 min with 2 ml of cold 100% ethanol and then with 2 nil of chloroform-methanol (1:1). The precipitate was dried in vacuo and kept at 90°f or 3 min in 0.1 ml of 2% sodium dodecyl sulfate, 10% glycerol, 5% 2-mercaptoethanol, 0.625 \I Tris HCl, pH 6.8, and 0.001% bromphenol blue.
Brief exposure of Drosophila melanogaster larvae to elevated temperature induces puffs at several specific sites on the polytene salivary gland chromosomes and causes preexisting puffs to regress (1, 2) . The heat shock puffs, like other puffs, rapidly accumulate newly synthesized RNA, indicating that they are sites of intense RNA synthesis (3) . Recently, Tissieres et al. found that the effects of heat shock on puffing and RNA accumulation are accompanied by striking changes in the pattern of protein synthesis (4) . Heat shock strongly induced the synthesis of a few proteins while the synthesis of others was reduced. Six proteins accounted for about one-third of the incorporation of [35S]methionine. One of these, with a molecular weight of approximately 70,000, contained nearly one-fifth of the total label. One of the heat shock puffs, located at sub-division 87B on the right arm of the third chromosome, accumulated newly synthesized RNA much more intensely than any other (4) . Tissie'res et al. therefore suggested that RNA synthesized at sub-division 87B codes for the 70, 000 dalton protein.
We report here the results of further experiments with this system, using D. melanogaster cells in tissue culture. We find that temperature elevation causes the rapid disappearance of preexisting polysomes, followed by the buildup of new polysomes on which the heat shock proteins are presumably synthesized. The newly synthesized RNA (14) . The ethanol-precipitated RNA was dissolved in hybridization buffer (0.30 M NaCl, 0.03 M Na citrate, pH 7, 50% formamide). In situ hybridization and autoradiography were done according to Gall and Pardue (15) , except that after denaturation slides were covered with 5 1sl of hybridization buffer containing the RNA, sealed with rubber cement (16) , and incubated 1.5 days at 250. Several prominent new bands are seen at the elevated temperature and the low temperature bands are missing or greatly diminished on the autoradiogram. We consistently find that nearly all incorporation at 370 is into a small number of specific heat-induced proteins. The relative incorporation into heat-induced proteins is higher than reported by Tissibres et al., probably as the result of maintaining the cells at 37°d uring labeling instead of first returning them to the lower temperature.
RESULTS

Effect of Elevated
The proteins from heat-treated tissue culture cells comigrate with the principal proteins induced by heat treatment of isolated salivary glands run on the same gel and have the same relative mobilities as found by Tissibres et al. In particular, the most prominent band corresponds to a molecular weight measured on calibrated gels of approximately 70,000. This band contains more than half of the incorporated [V5S]-methionine. It contains an even higher proportion of the radioactivity when [3H ]leucine is used as a label.
The appearance of the high temperature bands on polyacrylamide gels is prevented by even a very low concentration (0.04,gg/ml) of actinomycin D added before the temperature is raised. Relatively little protein of any kind is synthesized at 370 under these conditions. No effect of actinomycin on protein synthesis is seen if the cells are kept at the lower temperature. This is consistent with the supposition that the appearance of the high temperature proteins results from the induction of specific messenger RNA synthesis and not merely from an effect of elevated temperature on translation or subsequent processing.
Effects on Polysomes. The effect of temperature elevation on the pattern of protein synthesis is accompanied by a drastic change in the size distribution of polysomes, as shown in Fig. 2 (Fig. 3) . Thereafter, there is a buildup almost exclusively in the 20 to 30 ribosome region. If actinomycin D is added to the cell culture before raising the tem- perature, preexisting polysomes are depleted as before but new polysomes do not appear, again suggesting that they are formed on messenger RNA synthesized only at the higher temperature.
RNA Characterization and Hybridization In Situ. The ethanol-precipitated RNA from heat-induced polysomes described under Materials and Methods was dissolved in 0.01 M Hepes (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonate) pH 7.5, 1 mM EDTA, kept at 65°for 5 min to dissociate aggregates, and layered on the gradient. Most of the radioactivity sedimented as a sharp zone between large and small D. melanogaster ribosomal RNA. The [3HJRNA has an apparent molecular weight of approximately 1.0 X 106, calculated from its sedimentation distance relative to the two markers and assuming that the same power relationship between sedimentation distance and molecular weight holds for all three species. This molecular weight corresponds to about 3300 nucleotides, more than sufficient to code for a 70,000 dalton protein.
Another portion of the ethanol-precipitated RNA was dissolved in hybridization buffer and used for in situ hybridization. As may be seen in Fig. 4 , there is intense labeling at a site on the right arm of chromosome 3 at sub-division 87B. In addition, grains appear at sub-division 93D and at the chromocenter. In some nuclei grains can also be detected over sub-division 87A and over the nucleolus. Sub-divisions 87B, 93D, and 87A are all sites of heat shock puffs (2) .
The remainder of the RNA extracted from polysomes was passed through an oligo(dT)-cellulose column. The. flowthrough contained 57% of the 3H label, along with 98% of the 82P-labeled D. melanogaster ribosomal RNA added as a control. Forty percent of the tritium label remained bound to the column but was released by elution with 0.01 M Tris, as expected for RNA containing poly(A). The rest of the label was released from the column with 0.1 M KOH. An aliquot of the poly(A)-containing RNA was analyzed on a polyacrylamide gel in formamide. Most of the radioactivity migrated as a single sharp band just behind Drosophila ribosomal RNA of molecular weight 0.7 X 106 (17, 18) . Another portion of the poly(A)-containing RNA together with Drosophila ribosomal [32P]RNA added as a marker was heat-dissociated and centrifuged through a low salt isokinetic sucrose gradient. shows that, as before oligo(dT)-cellulose chromatography, there is only a single major peak, sedimenting just ahead of the Drosophila ribosomal RNA.
The remainder of the material analyzed on the gradient of fraction was measured and the remainder was used for hybridization in situ. An excess of unlabeled E. coli ribosomal RNA was added to each hybridization mixture to minimize non-specific labeling and Drosophila 5S [8H]RNA was added to provide an internal autoradiographic standard. shows the radioactivity along the preparative gradient and the ratio of the number of grains at region 87AB to the number at 56EF, the chromosomal locus with sequences complementary to 5S RNA. Some representative autoradiograms from the peak fractions of the gradient are shown in Fig. 7 . Division 87 is shown in all four panels of the figure, while region 56EF Fig. 5 was sedimented on a preparative scale through an identical sucrose gradient. Aliquots were analyzed for radioactivity and the remainder of each fraction was precipitated with ethanol after the addition of 8 jug of E. coli ribosomal RNA. Each precipitate was dissolved in 5 ,ul of hybridization buffer containing 2 Ag/ml of D. melanogaster 5S [3H]RNA and applied to a slide for hybridization in situ. The ratio of the total number of grains at region 87AB to that at 56EF was found for each fraction from squashed nuclei in which both regions were recognizable. The number above each point on the solid curve is the total grain count from all 87AB regions scored. The six unscored fractions showed too few grains at 56EF to give a reliable estimate of the ratio. Between 3 and 15 nuclei were scored per slide, 0--a, grain ratio; 0---4, radioactivity. The meniscus is at fraction 24.
is shown only in panel a. Note that grains are found not only at sub-division 87B, but also at 87A, where they are about a fifth as numerous. These are the two sites that puff most conspicuously after heat shock (2) . The grains in each subdivision usually appear within a narrow region at the same location. Although possibly displaced somewhat to earlier fractions, the distribution along the sucrose gradient of labeling at 87A was quite similar to the distribution for 87B. The two sub-divisions are counted together in Fig. 6 . Grains were occasionally seen at sub-division 93D, but no other chromosomal loci were noticeably labeled by any fraction from the sucrose gradient.
Although the resolution of the preparative scale gradient is rather coarse and the grain counts are limited, it is nevertheless clear that the fractions that label sub-divisions 87A and 87B most intensely are from the peak fractions of the sedimentation profile of the poly(A)-containing RNA from polysomes.
DISCUSSION
Taken together with earlier observations on the effects of heat shock (1-4), our findings show that temperature elevation has a remarkable and coordinated effect on puffing, transcription, polysome formation, and translation. Within a few minutes after temperature elevation, preexisting puffs regress and new ones appear, presumably reflecting the local inactivation and activation of transcription. Most of the proteins synthesized before temperature elevation are no longer made, but the synthesis of a small number of proteins is very strongly induced. The abrupt halt in the synthesis of the normal complement of proteins is most plausibly ascribed to the remarkable disappearance of nearly all preexisting polysomes within 10 min after temperature elevation. Whether this disappearance results from an inability of ribosomes to initiate on preexisting messenger RNA at the higher temperature or from degradation of the message is unknown. In any event, a new and very actively translating population of polysomes soon appears. It seems likely that some feature of the messenger RNA synthesized at 370 enables it to form active polysomes at the elevated temperature.
The in situ hybridization at sub-divisions 87A and B by poly(A)-containing RNA from heat-induced polysomes shows that the heat-induced puffs at these locations are at sites of vigorous messenger RNA synthesis. Presumably, RNA from the principal peak in the sucrose gradient of Fig. 5 codes for the 70,000 dalton heat shock protein, although this remains to be shown directly by translation in vitro. The fact that radioactive RNA from the peak fractions of the preparative sucrose gradient of Fig. 6 hybridized at both sub-divisions 87A and 87B may indicate that two different messenger species are unresolved in the gradient. A rough estimate may be made of the rate of messenger synthesis per haploid genome at 37°. Approximately 3.4 A260 units of material at the principal polysome peak are made by 108 cells in 45 min at the elevated temperature. For polysomes containing one messenger RNA molecule of 106 daltons per 25 ribosomes, this corresponds to about 5000 messenger molecules per haploid genome per hr from cells with the average ploidy observed in our experiments. This is close to the rate reported for the messenger RNA of mouse globin (19) . Since the globin gene is thought not to be repetitious (20) , the estimated rate of production of 106 dalton messenger at elevated temperature is not incompatible with the transcription of a nonrepetitious gene.
The results of in situ hybridization provide additional information regarding the number of copies of the DNA sequence complementary to the RNA that hybridizes at subdivision 87B. A single molecule of 106 dalton message with specific activity of 107 dpm/,ug hybridized to each of the 2000 homologous DNA duplexes we assume to be present in the paired gt polytene chromosomes would give approximately 15 to 30 silver grains per week, assuming an autoradiographic detection efficiency of 5-10% (21) . The number of grains we observe at 87B is approximately 30 per week. However, the hybridization efficiency we observe for 5S RNA at region 56EF is only about 10%, in agreement with other estimates (21) . If the hybridization efficiency at 87B is the same, this would suggest the presence of several adjacent sites complementary to the messenger RNA. However, the efficiency of hybridization at 56EF may be depressed by self-annealing of the highly repetitious DNA at this site. In that case the grain production we observe would be compatible with the hybridization of heat-induced messenger RNA to a single nonrepetitious gene.
Note Added in Proof. After kindly examining our squashes, M. Schweber and M. Ashburner concluded that the autoradiographic label near subdivision 87B may actually be at 87C1.
